Hydrogenated amorphous silicon thin films were deposited using a high pressure sputtering (HPS) system. In this work, we have studied the composition and optical properties of the films (band-gap, absorption coefficient), and their dependence with the deposition parameters. For films deposited at high pressure (1 mbar), composition measurements show a critical dependence of the purity of the films with the RF power. Films manufactured with RF-power above 80W exhibit good properties for future application, similar to the films deposited by CVD (Chemical Vapor Deposition) for hydrogenated amorphous silicon.
INTRODUCTION
Industry and science have performed a great economic and human effort to increase the conversion efficiency of solar cells. The HIT solar cell (heterojunction with intrinsic thinlayer) is a good exponent of that, and is one of the most investigated cell structure, due to its low manufacturing cost and its high efficiency [1] . This device consists of a heterojunction of a hydrogenated amorphous silicon (a-Si:H) film with a crystalline silicon (c-Si) substrate. Between both layers a very thin film (~ 5-20 nm) of intrinsic amorphous silicon is deposited, whose principal function is to passivate the junction to improve the cell efficiency. We focus on HIT cells due to the low manufacturing temperatures for cell processes, which are below 300ºC [2] . On the other hand, one of its challenges is to found an alternative to CVD (chemical vapor deposition) for the a-Si:H deposition, in order to reduce cost. In this way, the sputter deposition appears as an interesting alternative to deposit a-Si:H films.
Promising studies present intermediate band (IB) materials as one of the best options for increase the conversion efficiency of solar cells [3] . These materials exhibit sub bandgap photo-response and absorption [4, 5] , that allows the absorption of low energy photons, that could increase the conversion efficiency with respect to traditional semiconductors.
Recent researches determined the IB formation by the implantation of high doses of titanium in silicon followed by a pulsed laser melting treatment [6] . With this procedure, concentrations above the solid solubility for titanium in silicon were achieved. Once the IB material is obtained, the technological challenge is to fabricate a solar cell using a low temperature processes to avoid the degradation of the IB material properties. Because of the reasons exposed previously, HIT solar cell manufactured with sputter deposition, is a promising combination to incorporate an IB material.
The aim of this work is to fabricate and characterize a-Si:H layers deposited by the high pressure sputtering (HPS) technique. When we work in the high pressure range (~1 mbar), the atoms that are sputtered from the target with very high energy, collide with the gas atoms and reach the sample thermalized [7] . Therefore, we can deposit a-Si:H layers without sample damage, and form a high quality heterojunction between amorphous and crystalline silicon.
We have studied the different properties of the deposited films in order to achieve the optimal conditions to integrate the films in a HIT solar cell.
EXPERIMENTAL
Films of a-Si:H have been deposited using a high pressure sputtering system and we have analyzed the composition and optical properties of the films deposited at different RF power and pressure conditions. The HPS system consists of a deposition chamber, a Huettinger PFG 300 RF supply and a turbomolecular pump supported by a rotatory pump. For better control of the process, we include a shutter, and to allow the best deposition rate we can change the sample-target distance. The target is a 2" crystalline silicon wafer 3 mm thick, supplied by Kurt J.Lesker Company, with 99,999% of purity and resistivity below 5 10 -3 cm. We have worked with high purity Ar (6 ) as a process gas, and the residual pressure before start the processes was 4.7 10 -7 mbar.
Previous to film deposition, hydrogen treatment that consists on introducing a H (5 ) gas flow in the chamber during 15 minutes without plasma ignition have been used. This procedure allows to obtain a hydrogen concentration in the chamber higher than any contamination gas, like O or N and, consequently, it favors the formation of Si-H bonds in our films. Finalized this process, the sputtering process in pure Ar atmosphere at 1 mbar have been performed.
In order to control the species present in the plasma, OES (optical emission spectroscopy) technique have been used. Four stellar-Net miniature spectrometers, in the wavelength range from 200 nm to 1000 nm have been employed. The realtime control of the plasma emission spectra is an essential tool to know when the start point to deposit the films without contaminant species in the plasma and to prevent vacuum leakages.
The films have been deposited in two substrate types: glass for optical characterization, and both sides polished crystalline silicon for compositional measurements.
FTIR (Fourier Transform Infrared) spectroscopy spectra have been measured using a Nicolet Magna-IR 752 spectrometer, in a wavenumber range from 340 cm -1 to 4000 cm -1 . This technique allows to determine the bonding structure of the films, and the hydrogen content from the Si-H related absorption bands.
Compositional measurements have been obtained from RBS (Rutherford backscattering spectrometry) for Si, ERDA (elastic recoil detection analysis) for H, and NRA (nuclear reaction analysis) for N. For RBS measurements we use an alpha particles beam of 1.0 MeV. In order to avoid the channeling, an inclination of 7º has been given to the samples and we collected the scatter particles in a detector placed at 165º.To determine the concentration of N in the samples, the nuclear reaction 15 N(d, 1 ) 13 C with deuterons with energy of 1.4 MeV and a detector placed to 150º as compilation angle have been used. ERDA measurements have been realized using He 2+ particles with energy of 3.0 MeV. The dispersion angle was 34º, and to detect only particles with this angle, a collimator was placed in front of the detector. To avoid that the scattered He 2+ particles arrive to the detector, a 13 μm thickness filter of aluminized Mylar was placed too in front of the detector.
To characterize the optical properties of deposited films, transmittance and reflectance measurements have been performed in a Perkin-Elmer lambda 9 spectrophotometer in the range of 300 -1700 nm. From these spectra, the absorption coefficient, thickness and the optical band-gap have been determined [8] .
RESULTS AND DISCUSSION
In all sputtering processes the control of the species present in the plasma is important, but in the high pressure range, it is critical as we will see in this discussion.
In Fig. 1 we can observe OES spectra for two different moments in a process. The RF-power was 80W, the argon flow was 20.1 sccm and the pressure 1 mbar. Spectrum (a) was at the first part to the process, usually is half an hour long, and the shutter cover the sample. In this time, the plasma sputter the first atomic layers from the target, and we must wait to conditioning it to remove the shutter and start the Figure 1 . OES spectra for plasma conditioning (a) and deposit process (b) at RF-power of 80W. We can observe that in (a) the presence of NH is stronger than in (b). The (a) spectrum has been displaced for clarity.
deposition. During this conditioning, the plasma turn into (b) spectrum gradually. We must focus principally in two plasma emission peaks: one at 336 nm that corresponds to NH and the other at 288.1 nm which is related to silicon [9] . The other peaks present in the figure can be associated to Ar, or are not relevant for this analysis. In the inset of Fig.1 it is so clear that for spectrum (a), the intensity of the NH peak is above two Ar peaks situated close it, at 337.75 nm and at 335 nm, respectively. For spectrum (b) this peak is lower if we compare with the same Ar peaks. This small change, almost negligible, is the difference between the incorporation of about 20 % of N, or less than 5% in the deposited films. Because of this, the target conditioning is essential. However, the N present is not always in the NH form, we have also observed the intensity of the N 2 emission peak at 337 nm [9] above the NH one, but usually only one of them can be observed. Therefore, we used OES spectrum to monitor the optimal plasma conditions to deposit a-Si:H minimizing the undesirable N incorporation in the films. Figure 2 shows the FTIR spectra for films deposited at 1 mbar for different RF power. For comparative purposes, all the spectra were normalized at the intensity of the FTIR Si-H band located at 640 cm -1 . In this figure can be observed two bands at 640 cm - ) [10] modes. The presence of Si-N bonds reveals N incorporation in the deposited layer. To determine the purity of the samples we compare the relative area of the 640 cm -1 Si-H and the 840 cm -1 Si-N bands. A strong decrease of the relative Si-N concentration is observed as the RF power increases. Fig. 3 shows the concentrations of Si, H and N in the films as a function of RF power. Note that in the process at 40W, a 30% of N was incorporated to the film, while the process at 80W only incorporates a 3.1% of N. According to our results, a RF power above 60 W is required to deposit a-Si:H with low N incorporation by HPS when working at pressures around 1 mbar. These measurements are in full agreement with the previously discussed FTIR results. This is because the increase of the RF power improves the extraction of silicon atoms from the target respect to the residual N in the chamber.
The NH and N 2 emission peaks in OES spectra, are indicative of the presence of contaminant gases in the chamber, and probably its origin is the argon cylinder. In the high pressure range, the Ar cylinder can introduce an important number of impurity atoms in the process, in the same order of magnitude of the silicon atoms extracted from the target. Consequently it is expected that the films deposited at high rate, contain less N, due to the improvement of silicon extraction.
We can use our composition measurements as a reference for calculating the hydrogen content from the FTIR measurements according to the following expression:
[H] = C I (1) Figure 3 . Concentration of Si, H and N measured by RBS, ERDA and NRA, respectively, for films deposited at different RF powers. As we can observe, the minimum RF power to allow a-Si:H with less than 5% of N is 80W. Where I is the integrated absorbance of a Si-H absorption band in the FTIR spectrum, and C is a constant
We have calibrated the factor C from our FTIR and ERDA measurements for both the 640cm -1 and 2090cm -1 Si-H absorption bands individually. In table 1 we present these results, compared to references for films deposited by CVD [12] . These results were obtained from different samples with N content ranging from 3.1% to 30% and no dependency of the factor C on the N content was observed, as we can observe in the standard deviation for HPS value. So it is possible to calculate the H content from the FTIR spectrum for a-Si:H even when N is incorporated into the films. Now we present the results of optical characterization of the films. The band-gap was determined by Tauc form [13] , with the extrapolation of the ( h ) 1/2 vs h curve to =0.
In table 2 we present the values of the gap for different RF power and different deposition times. If we compare these values with other obtained by CVD [14] , we observe that the films deposited by HPS have a higher gap. This result is in full agreement with the trend described by Ross and Messier [15] , who report an increase of the band-gap value with the process pressure, in parallel with the hydrogen content increase in the deposited films. The hydrogen treatment that we use, and the fact that we work at pressures two orders of magnitude higher, leads us to obtain films with high concentration of hydrogen, which is consistent with these values of the gap.
However, G.D. Cody et al. [14] , report a high dependence of the gap with film thickness, reaching values higher than 2 eV for films with thickness lower than 500 nm. For this low thickness films, they suggest to determine the band-gap with the extrapolation of the ( /h ) 1/2 vs h curve to =0, to correct the thickness dependence. If we use this correction for our films, we obtain band-gap values close to 1.70 eV, which is the reported value for a-Si:H grown by CVD [14] . In Fig. 4 we present the optical band-gap calculated by the two methods described before, as a function of film thickness. It is clear that the gap becomes constant at 1.7 eV when we fit to ( /h ) 1/2 for all films, while a high dependence to the gap with the thickness is observe when we fit to ( h ) 1/2 . This result indicates that the fitting proposed by Cody seems appropriate to calculate the band gap for amorphous silicon thin films with thickness below 500 nm.
SUMMARY
In this work we have optimized the sputtering deposition parameters to improve the quality of the deposited a-Si:H layers with a high-pressure sputtering system.
We have identified the most permanent contamination gases in the plasma by optical emission spectroscopy. This system allows real-time process control and to minimize the N incorporation into the films by choosing the optimal plasma conditions. We have found a minimum RF-power required to deposit films with low N incorporation at high pressure.
Besides, by comparing ERDA and FTIR measurements, we have determined the proportionality factors between hydrogen content and the integrated absorbance of the Si-H stretching and wagging modes in hydrogenated amorphous silicon, which are independent of the N content up to the maximum 30% N content studied in this work.
Also, in this work, we have determined the band gap of the amorphous silicon by two different methods, in order to correct the deviation introduced by the low thickness of the films in Tauc analysis. Fitting to ( /h ) 1/2 we have obtained values for the band-gap around 1.7 eV.
This new method to grow a-Si:H could be applied for any devices that need low temperature processing. 
